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A- p3ab13r, 01' odsclvation, 01' thc n a t u r a l  vci.Lic31 I l c a i * i :  I'i !L
i:- :ne ~;~:,~~pht_.ri, i n  t h e  banu 1 t o  30 c / s  i s  uiscussec.  
;iz- or' usT;arLte& signals, t h e  ELF (cxtremely low r'requeszy) si,r_al 
I s  a r ip l i f i ea ,  i t s  waveform be ing  p re se rvea  as a photographic recoru 
which can be d i g i t i z e d  automatical ly .  The power s p e c t r a l  u e n s i t y  cf 
t h e  f i e h  i s  computed, and a t  a l l  t i m e s  shows s t a t i s t i c a l l y  s i g r L f i -  
cant  pealis a t  8 anc1 1 4  c / s ,  with evidence of o t h e r  pcaks a t  20 >nu 
2u c / s .  
m g c e t i c  f i e l u  i n  t h e  earth-ionosphere c a v i t y ,  e x c i t e u  uy mui&Xio:L 
frox l i g h t n i n g  uischarges.  
spectra ana those  observed clsewhere. 
J - 3 .  r r . c j -2 -  
These are t h e  resonant f r equenc ie s  of moctes of' t h e  e l c c t r o -  
A comparison i s  maae between such 
ThL SpeCtr'1 ;ire a l s o  c O r i l p J l ' t ~ t i  wi ih  those c ~ 1 ~ ~ 1 3 t  
iz31iLji. The agreement i s  only f a i r  f o r  a sharply bounmd, hoToge- 
neous, i s o t r o p i c  ionosphere concentr ic  w i th  t h e  e a r t h ,  out b e t t e r  
f o r  G a l e j s '  moael ionosphere with an exponent ia l  conducLivity VS. 
height  p r o f i l e .  From t h e  derived propagation cons t an t ,  t h e  a t t e n -  
L i 3 L i O l l  r a t e  i n  t h e  bana 7 t o  30 c / s  is founu t o  be approLimately 
0.25 ~ ~ b / b l ~ r i ,  .e., 0.2> d b / l O O O  km, and t h e  ph-Ase v e l o c i t y  0.77 c .  
Thc, h s l f  width of the thuncierstorm b c l t  about an equator (wi th  
r e spec t  t o  a pole a t  Cambridge) i s  found t o  be "12 , i n  ?,gee- 
rnent w i th  thunuerstorm statistics. Diurnal  and s e a s o n t l  vuri*Ltions 
of t h e  power in t h e  var ious modes a r e  i n t e r p r e t e d  i n  terms of noues 
of t h e  f i e l d  anti t h e  movement of  thunderstorm c e n t e r s .  The f i n e  
s t r u c t u r e  of t h e  spectrum i s  inves t iga t ed .  A t y p i c a l  measured 
f i e l d  s t r e n g t h  of 0.34 mV/m i n  a 1 c / s  bandwidth a t  8 c/s  i s  showfi 
t o  be reasonable .  
0 0 
The cnergy i n  t h e  background spectrum, which overwnelrm the i t  
i n  t h e  c a v i t y  resonance spectrum bclow 3 c / s ,  m y  be uu" TO 




1. Introduct ion 
Schumann [ l9>2]  suggested t h a t  modes of t h e  electromagnet ic  
f i e l d  i n  t h e  d i e l e c t r i c  s h e l l  between t h e  e a r t h  and ionosphere 
might be exc i t ed  t o  resonance by r a d i a t i o n  from l i g h t n i n g  uischarges. 
H i s  theory  ind ica t ed  t h a t  t h e  observed resonant f requencies  of t h e  
c a v i t y  would be 
f n '  = f l ' J n ( n  + 1)/2 , with  fl' 2 c/&srR = 10.6 c / s ,  (1) 
i n  which n i s  an i n t e g e r  ( n  being 1 f o r  t h e  funaamental mode), 
c i s  t h e  v e l o c i t y  of l i g h t ,  and R i s  t h e  e a r t h ' s  rad ius .  The 
f i r s t  p o s i t i v e  eviaence for the ex i s t ence  of t h i s  resonar,t c a v i t y  
w a s  publ ished by Balser  and Wagner [196O]. 
v a t i o n a l  program concerning n a t u r a l  r ad io  noise  below 40 C/S  Wi s 
i n i t i a t e d  i n  Cambridge, Lngland. A € u l l  t lescr ipt  ion of the eppsra - 
t u s  USCLL, t oge the r  with :t discuss ion  oi' some pre l iminary  r e su l t ;  
and a b r i e €  review of r e l a t e d  inves t iga t ions ,  w a s  p resentcu  by 
Rycrol't anu Wormell 119621. 
a sttmple s ign : t l  spectrum (having demonstri tcd how t h i s  i s  olst'Airlcc2 
exper imenta l ly) ,  ,t mean spectrum oi' some 30 recorcls, togcthntr wi<h 
t h c i r  i n t e r p r e t a t i o n  i n  t h e  l i g h t  01' curren t  t h e o r i e s  OL ectrt3- 
ionosphcre c a v i t y  r e sonmces .  
A t  t h a t  time an ooser- 
The . J i m  of t h i s  p?per i s  t o  yrc2?EvAt 
Natura l  z lectromagnet ic  phenomena i n  t h e  frequency rx;e bf 
i n t e r e s t  h ive  been reviewed rLceIitly by Kleimenov? [ I963  1 . 
The antenna used t o  measure t h e  n a t u r a l  v e r t i c a l  e l e c t r i c  
f i e l d  c o n s i s t s  of an in su la t ed  h o r i z o n t a l  wire,  of r ad ius  0.13 em 
and l eng th  l9O m, supported at an average he ight  of 4.3 m above a 
meadow some 2 km from t h e  center  of Cambridge. The s i g n a l  inuuceG 
i s  f ed  t o  a series of f i l t e r s  t h a t  remove extraneous sigrLals rLue 
t o  powerful local t r ansmi t t e r s ,  o s c i l l a t i o n s  of t h e  antenna exc i t cu  
by wind, and t h e  m:Lin power suppl ies .  The s i g n a l  i n  t h e  bans 1 to 
30 c/s i s  amplif ied by a low noise ,  high ga in  feedback z r p l i f i e r ,  
t h e  frequency response of which i s  shown i n  f i g u r e  1. A comparisorl 
OS t h e  response obtained when a l o w  impedance s i g n a l  geilerator 
f eeds  t h e  ampl i f i e r  (upper curve) wi th  t h a t  obtained when a reFre- 
s e n t a t i o n  of t h e  antenna i s  used (lower curve) r evea l s  t h a t  it i s  
d i f f i c u l t  t o  optimize t h e  coupling between antenna and amplic T i e r .  ' 
Examples of t h e  extremely low frequency (ELF) waveform o'otaineu 
when an osc i l loscope  spot  i s  photographed by f i l m  moving at 
7.06 cm/sec a r c  given i n  f igu re  2. Above each t r x e  3 p 2 e ~ s  %he 
s i g n a l  i n  t h e  banu O.> t o  8 lic/s; on ly  i'or t h e  s t r o n i  ' jirr,ospkericc 
.it t h e  1 c ~ i  s i u e  oi' f i g u r e  z (  u) does t h e  ELF wavti;orm :J~~JF.'-LI' 
c o r r e l a t e d  wi th  impulses recoraeu on t h e  kc/s channel. 
t h e r e  i s  no c o r r e l a t i o n  betbeen ind iv idua l  atmospherics and t h e  
ELF t r a c e .  
I n  der-er31, 
I .  
It i s  evi-ent Yrom f i g u r e  2 that  t h e r e  a r e  no preilor,liasnt 
frequency components i n  t h e  signal w:Lvef'orm. I n  order  t o  searell 
Tor c a v i t y  resonance e f f e c t s ,  the  amplitude of t h e  ELF t r a c e  has  
t o  be d i g i t i z e d  a t  i n t e r v a l s  of 1.18 mm (corresponding t o  1/50 See) ,  
from which t h e  power s p e c t r a l  dens i ty  of t h e  record up t o  30 c /s  
has  t o  be computed. An automatic d i g i t i z e r ,  cons t ruc tea  i n  t h e  
labora tory ,  i s  used. 
with t h e  w e l l  €ocussed image of a spot  of l i g h t ,  t h e  scanning 
mechanism being a r o t a t i n g  plane mir ror  ac tua ted  by a l i n e a r  can, 
c y c l i c a l l y  each 3.60 kO.03 see .  
Task a t  t h e  edge of t h e  f i l m  and t h e  t r a c e ,  l i g h t  sh ines  through 
t h e  t r anspa ren t  p a r t  of t h e  f i l m  on t o  a photomul t ip l ie r ,  dur ing 
which t ime pulses  of a standard frequency are counted by e i g h t  
b inary  counters .  
:ounting i s  stopped. The count, represent ing  t h e  amplitude of t h e  
ELF waveform, i s  t r a n s € e r r e d  t o  a t ape  punch. 
r e s e t  t o  zero  before  t h e  next  c y c l e  commences. A s  t h e  i ' i l m  ;iioves 
cont inuously slowly pas t  t h e  scznning region,  t h e  m p l i t u u e  of t h e  
r a d i a l  e l e c t r i c  f i e l d  as a func t ion  of t ime,  E r ( t ) ,  modifiec, ~y tne 
s r a n s f e r  func t ion  of t h e  recorcling equipment, i s  obtaineu on paper 
Tape as ues i rea .  
p o s s i b l e  e c c e n t r i c i t i e s  mi? ml t 'unc t ions  o r  t h e  c i i - i t i z e r .  
0; uii ' ferent  s t r a i g h t  l i n e s  ami s ine  waves of rtriuds L' 
%re a l s o  cxigitizeu. 
t h e  EDSAC computer, e i t h e r  with o r  without z cubic cor rec t io i i  -'or 
Lhe n o n l i n e a r i t y  01' tile cam. 
I ts  modus operandi i s  t o  scan t h e  f i l m  recoru 
While t h e  spot  scans between a 
When t h e  spot  reaches t h e  opaque p a r t  of t he  fi lm, 
The counters  a r e  
Each f i l m  i s  d i g i t i z e d  it least  twice to eli,ninz;c 
Redor A s  
- ihe t zpes  ?re trnnslxtecx i n t o  t h e  1-1i j~e;c  oL 
-6- 
The power s p e c t r a l  dens i ty  rune t ion  01' t h e  a i g i t i z e u  v.:v.;r"orrr, 
i s  computed as t h e  Four ie r  tmnsI'orm of i t s  autocovariance f u r i c t i m  
[Swinnerton-Dyer, 19631. A program, developed by Swinnerton-Dyer, 
removes t h e  mean from t h e  time s e r i e s ,  which i s  then  convolved ~ 7 i k  
chosen prewhitcning and smoothing func t ions ,  and computes t h e  
est imated au tocor re l a t ion  and smoothed power s p e c t r a l  aens i ty .  
output  es t imate  of t h e  power s p e c t r a l  dens i ty  i s  compensated f o r  
t h e  prewhitening f a c t o r .  
The 
It i s  important t o  consider  t h e  r e l i a b i l i t y  of each Estimate.  
Every record  analyzed i s  a t  l e a s t  
N - > 600 po in t s  a t  1/60 see i n t e r v a l s .  
i s  requi red  a t  ( M  + 1) i n t e r v a l s  from 0 t o  30 c / s ;  with  
t h e  spectrum i s  found a t  W = 1 c / s  i n t e r v a l s .  
aegrees  of freedom of t h e  system i s  def ined as 
i s  always 2 20. 
80-percent confidence l i m i t s ,  t he  es t imate  of t h e  power. s p e c t r a l  
a e n s i t y  i s  co r rec t  t o  wi th in  +2.0 db o r  -1.3 db. 
s i o n  i s  reached by Swinnerton-ilyer [i963], who shows t h a t  t h e  
estimate may plausibly be  supposcu t o  behavc l ikc X' GL li L 
01' i'rceciom, and by Balser  and Wagner 119601, who rim3 t h e  s C Y X - ~ ~ -  
, :evintion of rantiom f l u c t u a t i o n s .  
T = 10 see long, composea of 
The power s p e c t r a l  dens i ty  
M = 30 
The number of 
k = N/T4 = 2Tc; FIna 
Zukerman [i961] has shown t h a t ,  f o r  x 2 20, +nd 
A sirrilar co:.clk- 
- 
The puwer s p c c t r a l  t r tnsixies  02 iwo s c r i e s  oi’ 600 L - Z ~ L O K  
-- . r , u h c r s  gcncr:-1tcti i)y t h c  computer 2rc p l o t t e d  i n  f i g u r e  3. 
are inuepeniierit oi’ l’requency, but have a s t a t i s t i c a l  s c ’ i t t e r  aue 
t o  t h e  f i n i t e  l e n g t h  of  t h e  sample of 2 51.3 db. 
s t an&ing  out above t h e  background l e v e l  i s  t h e r e f o r e  s t a t i s t i c ? l l y  
s i j i i i l ’ i can t .  Thc power s p c ~ c t r - ~ ~ l  d e n s i t y  of a s:mple record i s  
plotteL1 i n  f i g u r e  4, t h e  po in t s  Leirig m-irkcd by crosses; pe‘jks 
a r e  eviuent  a t  0, 8.7, 13.1, 20.1, an& 26.0 c / s .  
t h e s e  peaks m y  be spurious ones a s s o c i a t e d  wi th  t h e  d-c peak, a 
numerical  r e j e c t i o n  f i l t e r  a t  0 c / s  constructed by t h e  computer 
i s  app l i ed  t o  t h e  d i g i t i z e d  waveform. The power s p e c t r a l  d e n s i t y  
of t h i s  s e r i e s  i s  computed arid p l o t t e d  with open c i r c l e  p o i n t s  i n  
f i g u r e  4. The h ighe r  frequency peaks occurr ing a t  resonant  f r e -  
quencies of modes of t h e  f i e l n  i n  t h e  earth-ionosphere c a v i t y  a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t .  
A l.> ab peak 
To  t e s t  whether 
From t h e  t e s t  waveforms that are digitizes, it i s  concluaeu 
t h a t  t h e  no i se  introduced b y  the d i g i t i z e r  i s  t y p i c a l l y  30 01, 
below th’Lt i n  t h e  s i g n a l .  Powcr s p c c t r a l  c iensi t ies  c o q u t e u  b i i h  
Linit without t h e  c o r r c c t i o n  for t h t a  nonl ine- i r i ty  01’ t h e  cam c i i  
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)+. Spec t r a  
The power s p e c t r a l  dens i ty  of a sample of r e c e i v e r  c o i s e  
obtained wi th  t h e  a m p l i f i e r  input grounded, which i s  t y p i c a l l y  
>20 dt? below t h a t  of t h e  E L 3  s i g n a l  when new high-tension ba t -  
, , r i es  -re used i n  t h e  ampl i f i e r ,  i s  s u b t r a c t e d  from t h a t  of t h e  
s i g n r l .  This spectrum i s  corrected f o r  t h e  r e c e i v e r  response 
( f i g .  1) and i s  p l o t t e d  i n  f i g u r e  3. The l i n e a r  power s c a l e  
emphasizes t h e  peaks i n  t h e  spectrum more t h a n  t h e  logari thmic 
one. I n  f a c t ,  t h i s  seconO harmonic peak i s  t h e  sha rpes t  one, 
having t h e  h ighes t  Q value,  observed du r ing  t h e  experirr,ent. 
Peaks are noted a t  8.3, 13.1, 20.2, and 26.2 c / s ,  which are  
i u e n t i f i e d  as resonant  f requencies  of t h e  ear th- ionosphere c a v i t y .  
Spec t r a  are  obtained f o r  records taken randomly au r ing  meteoro- 
l o g i c a l l y  calm pe r iods  i n  June and December 1962, Janurtry, Phrch, 
NAY, ami J u l y  1963. 
ionosphere c a v i t y  are c l e a r l y  shown i n  records,  t o g e t h e r  with 
evidence f o r  t h e  next  two. From t h e  b e s t  a t t empt s  a t  c i ig i t i z ing  
31 records,  t h e  mean EW specLrum i s  c a l c u l a t e a  arid p l o t t e u  ir ,  
f i g u r e  6. 
- o-. 
The f i r s t  two resonant  modes of t h e  e a r t k -  
-Y -  
Knowir,& t h e  ampl i f i e r  gain, i t s  €requency resGonst , ana tne  
e l e c t r o s t a t i c  c h a r a c t e r i s t i c s  of t h e  antenna, t h e  absol;te sower 
c a l i b r a t i o n  shown i n  f i g u r e s  > and 6 i s  der ived.  This  I s  checxec, 
having measured t h e  s i g n a l  induced by GBR t ransmiss ions .  
t h e  mean power s p e c t r a l  d e n s i t y  i s  0.117 (mV/m)2/c/s, with  a s tanu-  
ard e r r o r  of t h e  mean of +0.008 (mV/m) / c / s .  This  m y  b e  expresseu 
as an equivalent  amplitude of 0.342 20.012 mV/m i n  a 1 c / s  baad- 
width a t  8 c / s .  
va lues  [Large and Wormell, l9>:3; Btilser and Wagner, 1962; Rycroft 
and Wormell, 19621. It i s  equivalent  t o  a F o p t i n 6  f l u x  of' the 
orcter oi' lo- l0w/m~/c/s .  
A t  5 C / E  
2 




LLP sL?pes of trie spectr.1 G i f f e r  from those af sample spectrL- 
n,-esertei  ea r l ie r  [Rycroft  and Wormell, 1962, f i g s .  8, 9, hnd 101 
cecause a t  t h a t  t i m e  d i f f e rences  between t h e  frequency response 
shapes ( f i g .  1) were ignored. The s p e c t r a  presented he re  a r e  
s ixi lar  t o  those  of t h e  magnetic f i e l d  recorded i n  France by 
&nurin :trio S t e f a n t  [ l 962]  and S t e f a n t  119633. The main uii ' fer-  
ence between t h e s e  s p e c t r a  and those presented by Balser anu bJ:,gne:* 
[1960] from observat ions made i r i  Massachusetts i s  t h a t  t h e  power 
s p e c t r a l  crensity a t  t h e  minima between peaks i s  not inuepenuent of 
frequency, but  decreases  with inc reas ing  frequency. This po in t  
may be made i n  another  way by not ing t h a t  only when t h e  kackgromc 
spectrum shown by t h e  dashed l i n e  i n  f i g u r e  6 i s  sub t r ac t ed  from 
t h e  ELF spectrum do t h e s e  observat ions compare with those  of 8 a l s e r  
2nd Wagner [1960].  
introtmeed by t h e  averaging process, it i s  probable t h a t  p a r t  rep- 
r e s e n t s  :I. r e a l  no i se  source. This could be due t o  comyarstivcly 
nearby l i g h t n i n g  a c t i v i t y ,  oncrgy propagated alont; a georrLagne'bic 
l i n e  of f o r c e ,  o r  e x t r a t e r r e s t r i a l  phenomena. 
Although some of t h i s  background no i se  i s  
\ 
- 11- 
3elow J c/s ,  the re1:JtivLly irmnense pov t r  s p c c t r a l  i e r s i z y  
cannot be explained s o l e l y  by energy from l i g h t n i n g  an& i s  a s c r i o e u  
t o  l o c a l  e l e c t r o s t a t i c  e f f e c t s  (as mentioned by Rycroft  ana Lormell 
[1962]) ,  f l u c t u a t i o n s  of t h e  f a i r  weather f i e l d ,  o r  d i s t a n t  geo- 
e lectromagnet ic  phenomena. I n  f i g u r e  7, t h e  power s p e c t r a l  ciensity 
of t h e  rintural  v e r t i c a l  elixctric field i n  a 1 c/s bandwidth a t  
1 c / s  i s  p l o t t e d  a g a i n s t  t h e  f a i r  weather v e r t i c a l  e l e c t r i c  f i e l d  
measured by a f i e l d  mill a t  t h e  t ime of t h e  recoru. 
between t h e  two q u a n t i t i e s  i s  apparent.  
f a i r  weather f i e l d ,  t h e  power a t  1 c/s  t ends  t o  be l a r g e r  t h e  
g r e a t e r  t h e  wind fo rce .  This  could be explained by t h e  wina exciz-  
i ng  harmonics oi' t h e  o s c i l l a t i n g  antenna, o r  by clouds of space 
charge d r i f t i n g  p a s t  t h e  antenna. Based on t h e i r  observat ions of' 
t h e  n a t u r a l  magnetic f i e l d ,  Lokken, Shana, and Wright [1963] have 
assel-ted t h a t  l i g h t n i n g  dominates t h e  spectrum Clown t o  1 or 2 c / s .  
A n  a s s o c i a t i o n  
A t  a c e r t a i n  value of  t h e  
A f e w  observat ions were made wi th  an antenn-r. consis t i r ,g  of 
t h r e c  c o i l s ,  each of 110,000 t u r n s  of 0.132 rnm Ltiameter wire  which 
w a s  enamel coated, mounted on a mu-metal ~ o d  1 inch  i n  ciiameter 
and 36 inches long. 
as descr ibed i n  s e c t i o n  2; sanple s-oectra showed t h e  c z v i t y  resc- 
nance e f f e c t .  
t h e  waveform changed i n  4 seconds from a t m i c a l  c a v i t y  resoL nee 
u-vcform t o  a l a r g e  amplituae (ori'-scale) w:,vc .lJd Y.0 c / z .  1r-i-  
may 'ne ;I. man-made s i g n a l  01' in cxarnple oi' t h e  LX? "noise sto;~,~ls" 
o r  "emissions" reportr t i  uy L1 Lnwyn Jones 119631 . 
The induced s i g n a l  wits amplif ied &,nu recorcieu. 
On one occnsio:l, a t  21.00.13 G.M.T. on XLLY l j t ,  1963, 
n 
i. 
- ~hi-ou;houi t h e  course oi' thc. cxpcrimc>nts, tl,c Mic sccLt tc r ing  
s t 3 ? i L y c i : i L  w:~ve p a t t e r n s  rcquii.ecl by Boyer ' s  119611 t heo ry  f o r  Lhe 
f o r m t i o n  of t h e  Van Allen tr,ipped r a d i a t i o n  b e l t s  were riot 
ae t ec t ed .  
3. Theore t i ca l  Considerations 
I n  t h i s  s e c t i o n  a review of t h e  t h e o r i e s  concerning e a r t h -  
ionosphere c a v i t y  resonances,  i n d i c a t i n g  t h e i r  l i m i t a t i o n s ,  i s  
attempted. Ra t iona l i zed  m.1c.s.A. u n i t s  are used. 
The s implest  model, used by Schumann [l9>2] and Wait [l96O], 
i s  t h a t  of a p e r f e c t l y  conducting e a r t h  of r ad ius  R, surrounded 
by 9 t h i n  d i e l e c t r i c  s h e l l  of height  h, h being << R. This  i s  
surrounaea ~y a concentr ic ,  sharply bounded, homogeneous, i s o t r o p i c ,  
good conducting model ionosphere of i n f i n i t e  e x t e n t .  
A cu r ren t  I flowing v e r t i c a l l y  i n  t h e  a i r  near  t h e  ground 
f o r m ,  with i t s  image i n  t h e  ground, an e l e c t r i c  clipole of i n P i n i -  
t e s i m a l  l e n g t h  ds.  The dipole  moment M i s  given by 
+ + 
:;ear a Hertzian d i p o l e ,  f o r  which cis << h, t h e  f r e e  space wave 
equat ion f o r  t h e  Hertz v e c t o r  must be sa t i s f ied .  Near t h e  source,  
w h e r e  n e i t h e r  t h e  ionosphere nor  t h e  e a r t h ' s  curvature  i s  considei*r 2, 
t h e  v e r t i c a l  e l e c t r i c  f i e l d  i s  given as a surri of e l e c t r o s t a t i c ,  
inc.iuction, una rac1i:ttion f i e l d s  [P ie rce ,  19601 . It i s  ot,vioi>sly 
n 
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A s o l u i i o n  of che wave equation i n  spncricr21 p o l a r  :ooruir:n.tec 
i s  Lhc: Lr:msvcrsc magrii.tic (YM) W:I.VC with z e r o  rti.rii3.1 wr.gr,~;t ic 
i’ieltl.  Fo r  cxarnple, i i i  the :jir laycr., 
b(b + l ) P b ( 0 )  
2 
( 3 )  
w E r ( w , t )  = -i - w 
i n  which k = w/c 
order  of t h e  Hankel func t ion .  b i s  determined by t h e  bounaary con- 
d i t i o n s .  
which i s  r e a l l y  a W.K.B. approximation t o  t h e  radial p a r t  OZ tne 
i s  t h e  f r e e  space wave number and b + $  i s  The 
The Debye-Watson representa t ion  of t h e  fiunkel func t ion ,  
wavc equation, i s  used. The approximations a r e  only v a l i d  f o r  
]b+$l > 1 and k r  >> 1; t h e  l a t t e r  i n e q u a l i t y  i s  not  met a t  cav i ty  
resonance f requencies .  Hence Wait [1960] ob ta ins  a wave-guiue 
mode condi t ion  i n  t e rm of Fresne l  r e f l e c t i o n  c o e f f i c i e n t s .  The 
s i n e  of t h e  complex angle  of incidence i s  given by 
i n  iqnich NI i s  t h e  r e f r a c t i v e  index of t h e  ionosphere,  whick rmy 
oe approximated i n  terms of t h e  conduct iv i ty  01 rJbove ,> In:, 
( see ,  €or example, Goldberg 119631). Equation (14) m y  Le rezc?arLgerA, 
us ing  p = i w ,  t o  g ive  t h e  modal equat ion 
3 
p3” + l r ( b  + 1) 0. 1 
R2 P- + hz/lJ-oal 
Row [l9O2] uer ives  t h e  modal equation by another  method. 
n 
, 
resonator wrtvclcrigths, t h e  rcsonttLor mode ccpLtion, of omer :,, i:: 
The n t h  resonance of t h e  r a d i a l  e l e c t r i c  f i e l d  occurs when 
- 1 b ( h  + 1 ) ( 2 n  + 1) 
hw n ( n  + 1) - Lr(b + 1) 
is a maximum, Ir being determined by ( 4 )  o r  (3). 
For a p e r f e c t l y  conducting ionosphere, t h e  resonant  f'requert- 
c i e s ,  fn, a r e  determined by ( 4 ) :  
k(b + 1) = n(n  + 1) = k2R2. 
hence (1) i s  der ived:  
f n  = - m. 2flR 
-1)- 
-p2 1 << lpl 
p 2 i%' - .fin ((3) 
where %', t h e  observed resonant frequency, i s  less t han  %, ca.1- 
c u l a t e d  f o r  a p e r f e c t l y  conducting ionosphere, 
and sl, i s  t h e  ampiituue damping c o e f f i c i e n t ,  
(10) 
This  ant i lysis ,  usea by Gendrin and S t e f a n t  [l96rj m a  Zycroi t  :;nd 
Wormell [1962] t o  cxplain their .  obscrvat ions,  l e a d s  t o  ;I. s h i r p l y  
bourideu model ionosphere a t  :LDout 76 km, wherc t h e  conuuc t iv i ty  i c  
-3X10-" r i o / m .  It i s  not s t r i c t l y  v a l i d  because t h e  ;Jp?,r.oximatio?- 
~zcessary t o  d e r i v e  (8) i s  not met. The Q va lues  01' r;he resonar-ces 
c a l c u l a t e d  from (10) are l o i r e r  by ft f a c t o r  of 2 than  %hose e s t i m t e u  
as t h e  r a t i o  of t h e  observed resonant frequency t o  t h e  "I'requerlcy 
aiffert-c,nce a t  t h e  ha l f  power po in t s .  
i t ] (  s L i L L i I q ,  ( {pc l . i r i (  t * i ? i y  ( I / ) : , (  L ' J C  ( 1  v > l u f  :, 01 i I ' Tri h 
thiolai t i c . 1 1  oms ,  tlic thcory U J L ( > U  upori 'J p t r t i c u l , l r  morlc_.l  i.J+.iJ- 
sphere must expl:i.in t h e  observed Q, values, oi' t h c  orcJrr 0:' J + ,  
which t enu  t o  i i icrease with increasing n. One more v a r i a b l e  i s  
r equ i r ed  t o  uesc r ibe  t h e  ionosphere. Llanwyn Jones 1l9;3] a m  
Chapman and Llanwyn Jones [19.4] have achieved e x c e l l e z t  agreemen; 
f o r  a two-layer model ionosphere. 
i s  l a r g e  a t  t h e s e  extremely l o w  f r equenc ie s  t h e  h ighe r  ionosphere 
r eg ions  p l a y  a s i g n i f i c a n t  p a r t  i n  determining t h e  propigat ion of 
ELF electromagnet ic  energy. 
_ _  
Because t h e  s k i n  aepth,  G, 
Sharply boundcti models do not  consider  t h e  region where 
o./eOw Y 1, t y p i c a l l y  near  >O km, where displacemerit c u r r e n t s  dnd 
conuuction c u r r e n t s  a r e  of comparable magnitude and where t h e  
W.K.B. approximntion i s  not  va l id .  Harris and Tanner [l96'i?] con- 
s i u e r  t h i s  t r a n s i t i o n  region t o  be as important as t h e  upper r eg ion  
i n  aetermining ELF propagation. Ga le j s  [1963] has reviewed h i s  
work on a model ionosphere, bounded a t  a he igh t  where 
and having a n  exponent ia l  conduc t iv i ty  vs. height  p r o f i l e  ir, sd rec -  
ment w i th  observat ions.  Maximizing E, ana us ing  t h e  cor,ui:io? 
t h a t  Re(S) >> 1 Im(S) I, it is found that (compart ( 7 ) )  
O / E ~ W  = 1, 
Wait Ll96'+] ob ta ins  ;i more general  i'orm of' t h i s  cquatiorl. 
-l'(- 
Cosmic ray  i n ,  ucLa ioniz  * t i o n  i n  %he :,tmosp'rere c c i t r i z L z K s  
:o t h e  absorp t ion  of LI3 r au io  energy; it i s  shown [Gale js ,  i9u31 
tkatu 
(12) 1 - = -2Re(S)Im(S) Q 
From t h e  mean spectrum presented i n  f i g u r e  6, t h e  s e r i e s  f o r  
i s  found t o  be 7.8 kO.2, l i l . 1  20.2, 20.0 kO.2, anu 26.0 20.4 c / s .  f n '  
These observat ions a r e  compared wi th  those of o the r  workers i n  
t a b l e  1 and with t h e  s e r i e s  0.7642 times ( 7 ) .  The observed fundn- 
mental resonant  f requencies  :ire a l l  less than  t h e  ca l cu la t ed  value 
i n  row 2, but  f41  
value.  Hence it i s  deduced t h a t  t h e  Q va lue  tends  t o  inc re s se  
wi th  increas ing  n. This  deduction i s  confirmed b y  es t imat ing  t h e  
Q va lues  I'rom t h e  spectrum. 
i s  i n  a l l  cases g r e a t e r  t han  t h e  ca l cu la t ed  
The r e a l  and imaginary p a r t s  oi' S a t  t h e  f o u r  resonant  f r e -  
que:icies a r e  thus  found. The propagation constant  y i s  r e l a t e d  
t o  s: 
y = ikS = u + iQ. (13) 
Hence t h e  a t t e n u a t i o n  constarit 
u = -k Im(S) nepei*s/rn = -0.182 f Im(S) U b / p h  (lij 
ana t h e  phase v e l o c i t y  i s  
The a t t enua t ion  r a t e  i s  found t o  be approximately 0.2) (Lb/:5:, LG* ~ is 
only  poorly determinea beeluse of t h e  u n c e r t a i n t i i s  i n  
v e l o c i t y  i s  t'ound t o  vary from O.7> c a t  8 c / s  t o  0.713 c ;it 3G c/s, 
G .  Tic i ;Yr=~c 
with  an c s t i m t e d  s tandard  error  of 20.01 e .  
It i s  important i o  co~is i ( ic i -  i l l ~  P ~ I ' C  ci oi thc tto:',+,:lc ',ic :'i l r A  
which makes t h e  ionosphere sr i isotropic .  I n  t h e  quasi-lor-gituuin:j l  
approximation t h e  a t t enua t ion  i s  somewhat i nc reasea  [Wait, 19621. 
By consider ing a r a d i a l  geomagnetic f i e l d  and a mul t i l aye r  s t ra t i -  
f i e d  ionosphere above 83 km, Thompson [1963] has shown t h a t  energy 
would be l o s t  from t h e  high ionosphere, r e s u l t i n g  i n  Ci values  
decreased from -16 t o  -8, e spec ia l ly  at n ight .  Madaen i p r i v a t e  
communication, 19641 has extended Thompson's a n a l y s i s  t o  inc luue  
t h e  l o s s y  region below 83 km where displixement cu r ren t s  become 
important. 
ana Gale js  and Row [1964] have ca l cu la t ed  d i f f e rences  betweer, 
t h e  a t t e n u a t i o n  rates f o r  E to W and W t o  E propagation. The 
e f f e c t  of ions  on t h e  a t t e n u a t i o n  constant  a t  c a v i t y  resonance 
f requencies  has been considered by Gale js  [19631 and found t o  b e  
s m a l l .  
I n  t h e  quas i - t ransverse  npproximt ion ,  Wait [19621 
It has been assumed t h a t  t he  resonances a r e  exc i t ed  by v e r t i -  
c a l  l i g h t n i n g  discharges.  
f i e l d  exc i t ed  b y  a v e r t i c a l  dipole  t o  t h a t  exc i t eu  by r. hor izor , t? l  
u ipole  of t h e  same moment ( rcprecent  ing nri i n t r ac louu  o r  i r , t F  r c l c  
l i g h t n i n t  f l a s h )  i s  5 lo5& jbJait, l96O]. Typical  v a l i l c s  ;or tnr 
concmctivity of t h e  e a r t h  o s  are shoim i n  table 2 ,  c t r z w i  frors 
paper  OP Watt, &,thews, anu blaxwell [l963]. 
tal f l a s h e s  is t h u s  n e g l i g i b l e  a t  extremely low l'requer-cic-s. 
The r a t i o  of t h e  f a r  zone ructial  e l e c t r i c  
The e f f e c t  of horizo:_- 
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It 7f;ay alsa I J C  co:Lcluc,cu from t a b l e  2 th?t l i t t l e  LLF c:~tii* L Z  .Tr
i s  absorbed by t h c  e a r t h ' s  surface and t h e r e f o r e  That t h e  Q 
values  of t h e  earth-ionosphere c a v i t y  are determined e n t i r e l y  by 
l o s s e s  i n  %he atmosphere and ionosphere. 
6. Discussion 
The d e t a i l e d  shape of ELF s p e c t r a  may now be  considered, 
bear ing i n  mind t h e  l i m i t a t i o n s  i n  t h e  theo ry  meritioried i n  t h e  
previous sec t ion .  
Equation ( 6 )  shovs t h a t  the spectrum of t h e  r a d i a l  e l e c t r i c  
f i e l d  ixepencis on t h e  spectrum of t h e  e x c i t i n g  l i gh tn ing  ci.sck3rgSe. 
Based on t h e  s t a t i s t i c s  gathered by W i l l i a m s  [19>9], Gale js  [1963; 
has assumed t h a t  t h e  r e t u r n  s t roke  e x c i t e s  t h e  resonances. P i e rce  
[1963] has contended t h a t  other  processes  i n  a l i gh tn ing  aischarge 
con t r ibu te  t o  t h e  ELT noise .  These ideas  have been extendea b y  
Rycroft  and Wormell [1964] who cons ider  t h e  spectrum generateu by 
a "mean" l i g h t n i n g  discharge.  Accounting f o r  t h t  preponuerxsce 
of clouu discharges,  t h e  r e s u l t  t h a t  t h e  spectrum d i f f t r s  1i:Tle 
from t h a t  of a median r e t u r n  s t roke  i s  r a t h e r  su rp r i s ing .  Ykc 
spec t r a  computea by Galejs  119631 may thus  be u s ~ d  wi th  coni'i~it-LcC. 
Thc  ;,co,r.ipliic.il a i s t r i3u ; ion  01' sources r?,eeus t o  ,t c o c s i  :el 
Gale js [lgcl, 19631 has ca l cu la t ed  s p e c t r a  for a uniz'orrr, aistri;,tLo:- 
of sources  over t h e  polar angle 0 i n  t h e  i n t e r v a l  
90' - A - < 0 5 90' + A, 8 
round spectrum shown i n  f i g u r e  6 i s  sub t r ac t ed  from t h e  ObSerJed 
spectrum t h e  r e s u l t i n g  c a v i t y  resonance spectrum i s  i n  good adreere::? 
with computed s p e c t r a .  The r a t i o  01' t h e  power a t  t h e  f'und*LmcrLt-il 
( n  = 1) 1'rc.quency t o  t h a t  a t  the second and t h i r d  harmonics i s  t3kcri 
from Gale j s  119611 and p l o t t e d  i n  f i g u r e  8. The experimental  v a l u c c  
of B:alser and Wagner [1960] a re  p l o t t e d ,  as are t h e  Cambridge obser- 
v a t i o n s ,  both w i t h  and without t h e  background spectrum removed. 
The observat ions f i t  f o r  a half  width of t h e  thunderstorm b e l t  
about an equator  w i t h  r e spec t  t o  a pole  a t  Cambridge A, of 4, -12 
This value i s  i n  agreement with t h a t  der ived from t h e  year11 3 v ? r t ; ~  
;eographical d i s t r i b u t i o n  of thunderstorms as may be seen fro- f i g -  
u r e  9. 
p r o j e c t i o n  ccntered on Cambridge; a r ad ius  v e c t o r  i s  a Lrcat  circle- 
p a t h  on t h i s  p r o j e c t i o n .  A l s o  shown a r e  l o c i  o€ constcJL.t 0 ,  L'or 
o = 90° w l i e r e  pl(cos e )  = cos e = 0, and f o r  o = >> Incu 12,' 
where 
r a d i a l  e l c c t r i c  f i c l d  i s  z e r o  a t  t h e s e  va lues  of 8,  for t h e  ,'LLu'- 
mental  .Lnd second-order resonator  modes, r e s p e c t i v e l y .  Even ir a 
source i s  p re sen t ,  i t s  e f f e c t  i s  not noted by a r e c e i v t r  s i t u  t c u  
a t  :i c e r t a i n  anG1c 8 with respect  t o  t h e  source. 
being z e r o  a t  t h e  r e c e i v e r .  When t h e  S e w -  
0 +"C. 
This map p r e s e n t s  t h e  world i n  a n  azimuthal  e q u i a i s t t r - u  
0 




It i s  we l l  iaomi t l i n t  tli,intlcr-sLorms ovc r tro:)ic,Ll lz:i(i rxssc‘s 
occur i?r~’i’C’I,C’nti~Llly ciuring the l o c d  :ii’tc\rrioon. ‘I’11c::c~ LGIC, L’,J i:t,cir:, 
which determine t h e  i n t e n s i t y  01’ the c a v i t y  reson:tncc s i g n a l s ,  
termed “mode zeros“  and “storm maxim, r e spec t ive ly ,  were d i sco f -  
e red  by Balser  and Wagner [1962]. 
e f f e c t  of t h e s e  f a c t o r s  i s  shown i n  f i g u r e  4; presumably a t  this 
t ime thunderstorms w e r e  a c t i v e  over Braz i l .  The u iu rna l  v s r i a t io r -  
of t h e  power s p e c t r a l  dens i ty  i n  t h e  fundamental mode, presented  
i n  f i g u r e  10, i s  a l s o  explained by these  two f a c t o r s .  It shoula 
A s p e c i f i c  example of t h e  
ue noted t h a t  t h e  
A s i a  storm maximum e f f e c t .  
n = 1 mode zero  a t  8 = 90’ masks t h e  Southesst  
The broad f e a t u r e s  of t h e  ELF s i g n a l  d i u r n a l  v a r i a t i o n ,  t h a t  
i s  t h e  a f te rnoon (G.M.T.) maximum and t h e  night t ime (G.M.T.) f i n i r w ,  
have been rioted by Holzer and Den1 [ 19361 ( s e e  t h e i r  f i g .  1) m d  
Hycrol’t :mu Wormell [1962 f r o m  rccords  s i m i l a r  t o  t h e i r  f i g u r e  7. 
The  night t ime minimum i s  explained by t h e  pauc i ty  of thunuerstorms 
over t h e  P.Lcific Ocean. The s o l i d  curve i n  f i g u r e  10 s n o ~ / s  ‘I f i l t n  
aeigree polynomial regress ion  r i t t e d  t o  t h e  po in t s ,  wi th  a domir-sat 
qLiaUr3t ic  term. Although the re  i s  considerable  ciiex, i a t i o n  abodt 
t h e  regress ion ,  t h e  curve i s  s i g n i f i c a n t  a t  t h e  9)-percer-t l e  .el. 
A sex-ch  v,is made €or  season31 v a r i a t i o n s  i n  t h e  spec t r a .  The mlJr 
no t i ccab le  f e a t u r e  i s  t h a t  t h e  fundamental peak i s  relxt t ively iie-.-.:r 
t han  t h e  h igher  harmonic pealis i n  winter .  The cxy1arijtio:- i s  ’ 
bnc tliuntlerstorrn c e n t e x  ovcr  South America and Afr ic t i  XOVP t o  t h c  
South i n  win ter .  
& ?  
A s c a i ~ h  was a l s o  made i 'or  d i u r n a l  v a r i a t i o n s  i n  t h e  resorldrli 
f requencies  themselves. Somplex v a r i a t i o n s  have Deer1 reporteci uy 
Eklser :ma Wagner [19621 and Llanwyn Jones [ 19631. The observa- 
t io r i s  r epor t ed  he re  are t o o  f ( , w  and t o o  s c a t t e r e d  t o  allow compar- 
isoi; icith previous work. The mean resonant f r equenc ie s  a r e  
8.0 20.1, 14.0 20.2, 19.8 20.2, and 26.1 k0.3 C/S ,  which d i f f e r  
s l i g h t l y  from those  deduced f r o m  t h e  mean spectrum i n  s e c t i o n  3. 
Nei the r  t h e  power i n  t h e  fundamental mode nor t h e  resonant 
f r equenc ie s  of t h e  f i rs t  two modes appeared t o  be c o r r e l a t e d  w i t h  
t h e  magnetic Kp index at t h e  t ime of t h e  record.  
The power s p e c t r a l  d e n s i t i e s  of t h e  longes t  s i g n a l  r eco rds  
were computed from 0 t o  30 c/s a t  0.2 c/s i n t e r v a l s  i n  o rde r  t o  
i n v e s t i g a t e  t h e  f i n e  s t r u c t u r e  of t h e  c a v i t y  resonance spectrum. 
One such spectrum i s  shown i n  f i g u r e  11 ana may be compared with 
t h o s e  preseiiteci by Ikdden, e t  a1. [1962] ana Chspma,rL anu Llanwyn iolies 
[1964]. These s p e c t r a  a r e  a11 extremely jagged. One i n t e r p r e t a -  
t i o n  i s  t h a t  t h e  r a u i a l  EW c l e c t r i c  f i e l d  given by (3 )  should 
con ta in  an azimuthal dependence, i n  which case it would ue 
n p r o p o r t i o n a l  t o  
m=-n 
Since t h e  n t h  o rde r  moue i s  not observed t o  s p l i t  i n t o  p r e c i s e l y  
m = Z n  + 1 peaks, ii; must be concluued t h a t  t h e  " f i n e  s t~ .uc t -a , re"  
t o  t h e  f i n i t e  l e n g t h  of' t h e  s:tmple. 
As 1 I ' i na l  p i ece  of eviGe,ice tha7; t h e  obszrvecx s - p ~ ~ i r u r n  i s
t h e  r e s u l t  of e x c i t a t i o n  of t he  ear th- ionosphere c a v i t y  cjr 1i-h:- c 
ning discharges,  an o rde r  o f  magnitude c a l c u l a t i o n  i s  rerfor?z.L 
t o  show t h a t  t h e  observed field s t r e n g t h  i s  reasonable.  I n s e r t -  
ing n = 1 f o r  t h e  fundamental resonance, (6 )  becomes 
E J 8  c / s )  = I ds(8 dS) Pl(C0S 0 )  3.d 1, + 1) 
2 - l d l i  + 1) 
(16) 
64x'kd c0 
For one "mean" l i g h t n i n g  uischarge,  I ds(8 c / s )  
u n i t s  LIiycroft and Wormell, 19641. It i s  important t o  know how 
many discharges p l a y  a p a r t  i n  determining i h e  value oi' t h e  T i c 1 u  
ai any i n s t a n t .  To estimate t h i s ,  an average va lue  O S  100 for 
t h c  number ol' discharges t h a t  occur over t h e  e a r t h ' s  su r f ace  Fer 
seconci i s  useci, t o g e t h e r  with a va lue  f o r  t h e  t i m e  constant  of 
t h e  cav i ty ,  l/Ql, 01' 1/16.3 see [Rycroft  anu Wormell, 19621. 
t h i s  t ime t h e r e  occur about 100/16.3 3 6 f l a s h e s ,  which t e n a  t o  
e x c i t e  the> c a v i t y  i n t o  resonance, bu t  at ranaom phase angles .  
Therei'ore, d% t imes t h e  8 c / s  component i n  t h e  spectrur; of orAe 
t'mean't f l a s h  may be  inser tcc;  f o r  t h e  q u a n t i t y  
(16). 
s o  ~ i .  mc.;tri value Yor Pl(cos e )  might be 1/2. Using Galejs '  [136;- 
1.4X105 m.k.s .A.  
I n  
I ~ s ( 8  c/s) irL 
0 Thunderstorms t c n a  t o  occur i n  t h e  range 8 = 3 G o  t o  143 , 
. i na lys i s  , 
(b + $1 = kRS kK Re(S) = 1.r{4 , i 'or n = i. 
ioriosphcre sharply bounticxi at h = '16 h,, with 
R = Gj (0 lirn, 
ban~iwi~i th  a t  8 c / s ,  which i s  i n  good agreement wi th  thi 
vttluc' of 0.34 L O . 0 1  niV/m, or 0.26 mV/m having subtract1 .i i h c  
loaciijrounc: spcc t run  shown i n  figure 6. 
i s  founci t o  be approximately o., mV/rtl i n  a 1 c / s  
rnc:asur( u 
'/. Sumrnary 
I n  t h i s  paper experimentally obtained evidence has been pre- 
seztei: .diich shows that resonant modes of t h e  electromagnet ic  f i e l c  
i n  t h e  d i e l e c t r i c  c a v i t y  between t h e  good conducting e a r t h  ana 
iozosphere are observed. A t  all t imes when observat ions of t h e  
n a t u r a l  v e r t i c a l  e l e c t r i c  f i e l d  i n  t h e  atmosphere could be maue - 
a t  n c t e o r o l o g i c a l l y  calm periods - s t a t i s t i c a l l y  signiL'icant rcso- 
nances of t h e  l'unuamental moue a t  7.8 c / s  and of' t h e  second 
harmonic a t  14.1 c / s  arc  dett,ctcti. 
a t  20.0 and 26.0 c / s ,  are oi'tcn rtpparcnt. 
ziiese r,ean resonant  f requencies ,  der ived f'rom 31 recorcis, i s  
xy-pically 20.2 C/S. 
i s  observed t o  be 0.117 k0.008 (mV/m)2/c/s. 
Genarin and S t e f a n t  i n  France show s t r i k i n g  s i m i l a r i t i e s  with those  
p re sen tea  here ,  whereas those  taken i n  Massachusetts by Balscr ancL 
Wagnci- arc: somewhat diI 'fcrcrit . 
The ncxt two h ighe r  hnrmonicc, 
The s t anda rd  c r r o r  i n  
The mean power i n  a 1 c / s  bandwidth a t  8 c / s  
Spec t r a  recordeo by 
These resonances are i_.xcitcti by c r i c r ~ y  I'rom t r o p i c , r l  l i eh tn in ;  
c?<ischarges. Diurnal  anti seasoiial v a r i a t i o n s  oi' t h e  powc r i n  thl 
bar-ious mocics  arc i n i e r p r e t e u  i n  terms oi' t h c  movcmerit of thuT;dc>r- 
storm c e n t e r s  ana moues of thc  i ' i e l u .  The h a l f  i r ia th  oi' a m o m 1  
thuncierstoi-m b e l t ,  c a l cu la t eu  f o r  a mocicl ionosphere with an 
e spoxcn t i a l  contruciivity vs. neight prol ' i le [Galejs, l963 , i s  
iil aKi-eement k i t h  tliunderstorin s t a t i s t i c s .  
ior-zsFkere t h e  a t zenua t ion  rate i n  t h e  banu 7 t o  30 c / s  is I'OLXU 
t a  JC upprouimatcly 0.2> ~ ~ r b / M n ,  and t h e  phase v e l o c i t y  C. , r  e .  
With t h i s  xociel 
liar the lonCc:ct recorcic Lldcn, t h e  1'inr s t r u c b u r t  01' i h c  
spectrwn i s  i n v e s t i g a t e d  and I'ound t o  be not  s t a z i s t i c a l l y  
s i g n i f i c a n t  . 
Below 3 c / s ,  the power s p e c t r a l  d e n s i t y  of t h e  e l e c t r i c  f i e l d  
i s  r e l a t i v e l y  immense, and is mainly a s s o c i a t e d  with wind borne 
l o c a l  space charges o r  mechanical o s c i l l a t i o n s  o€ t h e  i ~ n t e n n s  i n  
t h e  f a i r  weather e l e c t r i c  € i e l d .  
Michael J. Rycroft expresses h i s  g r a t i t u d e  t o  D r .  T.  W .  Wormell 
f o r  i n t roduc ing  him t o  t h i s  e x c i t i n g  f i e l d  of research,  t o  
D r .  C .  D .  Walshaw f o r  a i d  i n  construct ing t h e  d i g i t i z e r  and f o r  
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w h i l s t  a r e sea rch  s tuden t  a t  Cambridge Universi ty ,  a m  t o  t h e  
Nat ional  A c a d e m y  of Sciencc>s - Nat iona l  Research Council f'or 'i:i 
As soc ia t e sh ip  a t  t h e  NASA Ames Research Center. lie also wishes 
t o  thank t h e  many people from s i l l  p a r t s  oi' t h e  worlu w i - ?  bn ?iinorrL 
he has enjoyed s t imu la t ing  d i scuss ions  cluririg t h e  course of t h e  
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T a b l e  1. Calculateu ana ob;erved resonant f r equenc ie s  of t n e  
earth-ionosphere cav i ty .  
., A ~ 3 ( ~ e  o n e r ,  n 
Resonant frequency, fn ,  C / S  
I1-0- ( -) 
x sonant frequency, c / s ,  
c.7642 t i m e s  row 1, see  (11) 
Ouserved fn , C/S, June 27 
anii 28,  1960, Balse r  and 
b,agner (1960) 
~ , s t .m-e~ t  fnl, c / s ,  mean 1961, 
1962, Chapman and Llanwyn 
Jones (1964) 
Observed f n ' ,  C / S ,  J u l y  13 
and 14,  1962, S t e f a n t  (1963) 
Osserveu f n f ,  C / S ,  mean spec- 
trum 1962, 1963, observat ions 
-2 Carr,briike. England 
- 
1 
_ _  
1 2 3 4 
10.60 18.33 23 96 33 2 
8.10 14.03 19.85 2> .62 
7.c 14.1 20.3 26.4 
8.0 k O . 1  14.1 k0.2 20.0 k0.4 26.0 k0.e 
'1.85 40.2 14.2 k0.3 19.9 50.3 26.2> kO.3 
7.3 20.2 14.1 k0.2 20.0 kG.2 26.C k5.i- 
Percentage OS 
Average Skin uepyh 
depth a t  8 c / s  
bIa t e r i a  1 e a r t h ' s  surface G E ,  m h O / m  
covered 
I Sea water Pasalt, ocean f l o o r  I 30Ch.5 lblantle [ L a h i r i  and P r i c e ,  19391 
Snow, i c e  
0-3 km 5 80 rn 
, 71% 
no e f f e c t  3-12 km 10- 
0-33 km t o  2 t o  200 km 
I 24,; 
3>-2900 km to lo-" -130 kx 
3% 0-1.5 km 10- 200 km 
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Fidure  Captions 
Ficuyt. 1. Frequency response LII' t h c  nmplii'ying systcm. 
Note t h a t  t h e  response measured wi th  a s i g n a l  gen- 
e r a t o r  d i r e c t l y  feeding t h e  a m p l i f i e r  i npu t  d i f f e r s  
considerably from t h a t  measured when a r e p r e s e n t a t i o n  of 
t h e  antenna i s  included. 
Atmospherics and ELF t r a c e s .  Figure 2. 
Note t h a t  i n  general  t h e r e  i s  no c o r r e l a t i o n  
between i n d i v i d u a l  atmospherics and t h e  amplitude of t h c  
ELF waveform . 
Spec t r a  of two s e r i e s  of 600 random number's, o with a 
s tandard dev ia t ion  of 110 about a mean of 130, and + wi th  
a s t anda rd  dev ia t ion  of 23. 
Spectrum of t h e  d i g i t i z e d  s i g n a l  waveform observed a t  
16.18 G.M.T. on January 12, 1953. 
7 .  b igure  j. 
Figure  4. 
The crosses  show t h e  spectrum as n o r m l l y  comptea ,  
and t h e  open c i r c l e s  t h a t  computed with a numerical  r e i e c -  
t i o n  f i l t e r  a t  o c / s .  
are observeu a t  resonant i 'requencies of var ious rciodcs 
( n  = l , 2 , 3 ,  ancl 1 1 )  of  tht f i e l d  i n  t h e  earth-ionosr r l i r i  
c a v i t y .  
S t a t i s t i c a l l y  s i g n i f i c a n t  1,e~lis 
Fi_;ire >. Spectrum of' the n a t u r a l  v t i - t i c d  e l e c t r i c  f i c l c i  O ~ S L ~ V L ~ :  
a L  16.18 G.M.T. on January 12, 1963. 
This i s  t h e  spectrum presented i n  f i g u r e  i+ correcterl  
The power f o r  t h e  r e c e i v e r  noise and frequency response.  
orai i ia te  i s  on a l i n e a r ,  r a t h e r  t han  a logari thmic,  s c a l e .  
re 3. I k a n  ELF spectrum of t h e  n a t u r a l  v e r t i c a l  e l e c t r i c  f i e l d  
observed i n  1962 and 1953. 
The s i m i l a r i t y  of' t h i s  spectrum with those  p re sen tca  
by Gendrin and S te fan t  (l9r;z) and S t e f a n t  (l9;j) may ~e 
noted. 
dashed l i n e  i s  sub t r ac t ed  from t h e  mean ELF spectrurn do 
t h e s e  observat ions c o r n p r c  with those  of Balser  and 
Wagner (1960). 
be f i t t e d  t o  t h e  observat ions of Balser and Wagner (19.0). 
The b a r s  denote t h e  s tandard e r r o r  of t h e  mean power a t  
each resonance, derived from 31 records.  
Onl$ when the background spectrum shown by t h e  
The c a l c u l a t i o n s  of C a l e j s  (1953) may 
F igure  7. Dependence of t h e  power. s p e c t r a l  d e n s i t y  of t h e  v e r t i c a l  
e l e c t r i c  f i e l d  i n  a 1 c / s  bandwidth a t  1 c/s  on t h e  
s t r e n g t h  of t h c  wind tJK1d t h e  m g n i l u d e  oi' ihc Txir 
weather f i e l u .  
F i t u r c  t j .  i intio of t h c  powcr, Gl, ir :  t h e  fundamcritol (n = 1) nose 
t o  t h a t  i n  t h e  higher harmonic ( n  = 2 ana 3)  nodes 3s a 
f u n c t i o n  of A, t h e  half  width of t h e  e q u a t o r i s l  t h n a e r -  
storm b e l t .  
The s o l i d  curve shows G1/G2, and t h e  dashed curve 
G1/G3, as computed b y  Ga le j s  (1961). 
p o i n t s  show t h e s e  r c i t i o s  observed by Balser  and Wagner 
(19~0) . 
t h e  r a t i o s  der ived i'rom t h e  mean ELF spectrum; t h e  squares 
show t h e  r a t i o s  der ived from t h e  c a v i t y  resonance spectrum, 
t h e  spectrum obtained by s u b t r a c t i n g  t h e  background spec- 
trum from t h e  mean ELE' spectrum. The e f f e c t  of t h e  e r r o r  
b a r s  i n  f i g u r e  u i s  a l s o  shown. 
Map of t h e  worla i n  an azimuthal e q u i d i s t a n t  p r o j e c t i o n  
c e n t e r e a  on Cambridge, England. 
The open c i r c l e  
For t h e  C:imbridgc observat ions t h e  c ros ses  rmrk 
F igu re  9. 
The a r e a s  of g r e a t e s t  thunderstorm a c t i v i t y  averaged 
over a year are shown (IIandbook of Geophysics, l$O). 
Loci of constant  8 , c i r c l e s  cc ntcrccd on Carmr.i<* 
responaingr t o  miriirrL1 ol' thc. rod icL l  e l e c t r i c  i i r  l c i  i r i  t r i r -  
i'uriuanicritnl m d  seconci o r ( ~ c  r rriodcs, ' L r c  'iico showri. 
Fizure  10. Diurnal  v a r i a t i o n  of t h e  power i n  t h e  f u n d a m n t a l  (rL = 1) 
mode. The c resscs  a r e  f o r  summer observat ions anu t h e  
open c i r c l e  po in t s  f o r  win ter  ones. 
Both "mode zero" and "storm maxima'' e f f e c t s  may be 
noted. The s o l i d  curve, a f i f t h  degree polynomial 
regress ion ,  shews t h e  t r e n d  of t h e  d i u r n a l  v a r i a t i o n .  
Figure 11. Spectrum of' t h e  d i g i t i z e d  s i g n a l  waveform observed a t  
16.18 G.M.T. on January 12, 1963, computed a t  0.2 c / s  
i n t e r v a l s  ( s o l i d  l i n e ) .  
The c rosses  show t h e  spectrum as normally computet, 
The " f ine  s t r u c t u r e "  a t  1 c/s i n t e r v a l s ,  from f i g u r e  4. 
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